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Charge reversal (1CR2) of cations to anions can be used to structurally differentiate isomeric
C6H5
1 and C6H6
1z hydrocarbon ions by means of tandem mass spectrometry. In view of the
manifold of possible isomers, only a few prototype precursors are examined. Thus, charge
inversion demonstrates that electron ionization of 2,4-hexadiyne yields an intact molecular ion,
whereas the charge inversion spectra of C6H6
1z obtained from benzene, 1,5-hexadiyne, and
fulvene are identical within experimental error. Similarly, the 1CR2 spectrum of the C6H5
1
cation generated by dissociative ionization of 2,4-hexadiyne is significantly different from the
1CR2 spectrum of C6H5
1 obtained from iodobenzene, suggesting the formation of a 2,4-
hexadiynyl cation from the former precursor. Although charge inversion of cations to anions
has a low efficiency and requires large precursor ion fluxes, the particular value of this method
is that the spectra may not just differ in fragment ion intensities, but these differences can
directly be related to the underlying ion structures. (J Am Soc Mass Spectrom 1999, 10,
878–882) © 1999 American Society for Mass Spectrometry
When one of us (D. S.) first met Bob Squires in1989 at a NATO ASI meeting in France, hewore a button stating “Anions are more fun.”
At that time, this was meant as a provocation because
the gas-phase chemistry of anions was much less pop-
ular than that of positive ions. Nowadays, negative ions
play an important role in mass spectrometry, ranging
from fundamental problems in ion structures and reac-
tion mechanisms to thermochemical studies and vari-
ous analytical applications. Bob Squires has been one of
the major players in this game—and we all will miss
him.
Here, we report the use of anions to probe the
structures of C6H5
1 and C6H6
1z cations formed from
different precursors. The number of possible isomers is
enormous for these two hydrocarbon cations [1, 2]. The
C6H6
1z cation radical is probably the ion most frequently
studied by mass spectrometric methods such as coinci-
dence measurements [3, 4], collision- [5] and surface-
induced dissociation [6], charge-stripping [7], neutral-
ization–reionization [8], and ion–molecule reactions [5],
just to mention a few. Also theoretical studies were
performed in this field [9–12]. Our interest in this
subject arises from a recent study [13] on the mecha-
nism of the unimolecular dehydrofluorination of pro-
tonated fluorobenzene [14–17], which indicates that
aside from the expected phenylium ion, other presum-
ably acyclic C6H5
1 isomers [18, 19] are formed in the
unimolecular dissociation of the metastable ion. A key
problem in this context is not only the differentiation
between the isomeric ions, but in particular a concise
structural assignment of the ions. In this respect, the
methods quoted above are quite limited for the hydro-
carbon ions C6H5
1 and C6H6
1z [1–8, 18, 19], because the
observed differences in the various experiments are
minor deviations in the product distributions, which
cannot directly be related to specific ions structures.
Structural analysis is furthermore complicated by inter-
nal energy effects, and it may in fact be a rather subtle
issue to distinguish between isomeric C6H5
1 or C6H6
1z
species and identical ions with different energy con-
tents [1].
Charge reversal of cations to anionic species with or
without intermediate neutralization (1CR2 and 1NR2)
has been shown to provide valuable information on
cation structures [20–25], also including differentiation
of isomeric hydrocarbon ions [26–29] as well as a
significant reduction of isotopic scrambling in the frag-
mentation of hydrocarbon ions [30]. Here, we apply this
technique for the distinction of isomeric C6H5
1 and
C6H6
1z ions.
Experimental Methods
The experiments were performed with a modified VG
ZAB/HF/AMD 604 four-sector mass spectrometer of
BEBE configuration (B stands for magnetic and E for
electric sector) which has been described elsewhere
[31–33]. In brief, C6H5
1 or C6H6
1z ions were generated by
electron ionization (EI, 70 eV) of the following precur-
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sors: (i) Phenyl iodide and benzene are assumed to
yield the phenyl cation and ionized benzene, and they
will serve as references, (ii) 2,4-hexadiyne and 1,5-
hexadiyne were examined as prototype precursors for
possible acyclic C6H5
1 and C6H6
1z isomers, and (iii)
fulvene was examined as a different cyclic precursor
which could possibly afford isomeric ions. After accel-
eration to a kinetic energy of 8 keV, the ions were
mass-selected using magnetic and electric sectors, sub-
jected to collision experiments (see below), and the ions
formed were monitored with the next sector of the
instrument. For collisional activation (CA) of the B(1)/
E(1) mass-selected cations, helium (80% transmission,
T) was used as collision gas. Neutralization of B(1)/E(1)
mass-selected cations followed by reionization to cat-
ions (1NR1 [20, 21, 34]) was performed using the
collision gas combination Xe/O2 (80% T / 80% T). In
view of the limited sensitivity of charge reversal of
cations to anions (1CR2), these experiments were per-
formed with B(1) mass selected ions using xenon as a
collision gas (60% T). All spectra were accumulated and
on-line processed with the AMD/Intectra data system.
Ten to 50 scans were averaged to improve the signal-
to-noise ratio.
Benzene, phenyl iodide, and 2,4-hexadiyne were
commercially available and used without further pu-
rification. 1,5-hexadiyne was prepared by multiple de-
hydrobromination of 1,2,5,6-tetrabromohexane with
NaNH2/NH3 [35]. Due to its instability, fulvene was
made directly in the heated (110 °C) inlet system of the
mass spectrometer by thermal elimination of dimethyl-
amine from (N,N-dimethylaminomethyl)cyclopen-
tadiene according to Sturm and Hafner [36].
Results
Numerous structures are conceivable for C6H5
1 and
C6H6
1z ions. For the sake of simplicity, let us select a very
few, prototypical species: (i) aromatic structures, i.e.,
phenylium ion and ionized benzene, (ii) acyclic isomers
possibly formed from 1,5- and 2,4-hexadiyne, respec-
tively, and (iii) non-benzoide, but cyclic structures,
eventually formed by ionization of fulvene.
In view of the previous studies on C6H5
1 and C6H6
1z
ions (see above) as well as for the sake of brevity, our
focus will be on a detailed discussion of the results
obtained for C6H6
1z ions obtained from benzene and
2,4-hexadiyne as precursors. For the other species ex-
amined, we will only provide the most conclusive
spectra; the omitted spectra are available from the
authors upon request.
As noted previously [1, 2], the collisional activation
(CA) spectra of the C6H6
1z ions derived from benzene
(Figure 1a) and 2,4-hexadiyne (Figure 1b) are similar to
each other, but clearly distinguishable [5]. Particularly
diagnostic is the ratio of the C4Hn
1 (n 5 1– 4) to the
C5Hn
1 (n 5 0 –3) fragments in that the latter are more
intense in Figure 1b. This result is qualitatively consis-
tent with the presence of methyl groups in the diyne,
whereas loss of C1 fragments from benzene requires
major structural reorganization. Further, note that com-
pared to these fragments dehydrogenations (2Hz and
2H2) are less intense for the ion derived from 2,4-
hexadiene; this is most likely due to a mere effect of the
ions’ internal energies [1]. The 1NR1 spectra (Figure
1c,d) are also similar to each other, but again the C5Hn
1
(n 5 0 –3) fragments are more intense for the diyne.
Thus, CA and 1NR1 spectra allow for an unambiguous
distinction of the ions formed from the different pre-
cursors. The dilemma is, however, that these differences
are not structurally diagnostic. For example, preference
for loss of C1 fragments is well in keeping with the
2,4-hexadiyne structure, but by no means conclusive,
because several other acyclic isomers, e.g., 1,3-hexa-
diyne, or cyclic isomers, e.g., fulvene derivatives, may
also expel C1 fragments in high-energy collisions. As
already discussed by Rosenstock et al. in 1982 [1], a
major reason for this dilemma is that all possible
fragmentations of C6H6—either charged or neutral—
are quite energy demanding, thereby allowing for facile
interconversion of isomers prior to fragmentation. Ver-
tical transitions (e.g., charge stripping) provide more
sensitive probes to the ion structures [7], but concise
Figure 1. (a) CA mass spectrum of B(1)/E(1) mass selected C6H6
1z
generated from benzene, (b) CA mass spectrum of B(1)/E(1) mass
selected C6H6
1z generated from 2,4-hexadiyne, (c) 1NR1 mass
spectrum of B(1)/E(1) mass selected C6H6
1z generated from ben-
zene, (d) 1NR1 mass spectrum of B(1)/E(1) mass selected C6H6
1z
generated from 2,4-hexadiyne, (e) 1CR2 mass spectrum of B(1)
mass selected C6H6
1z generated from benzene, (f) 1CR2 mass
spectrum of B(1) mass selected C6H6
1z generated from 2,4-
hexadiyne.
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assignments of the charge-stripping results to particular
structures are difficult and would require detailed
knowledge of the potential-energy surfaces (PES) in-
volved. Despite the rapid progress of computational
methods, complete treatments of the PES for systems as
big as C6H5 and C6H6 are still prohibitive.
Fortunately, vertical reduction of the cations to an-
ions in 1CR2 experiments allows not only for a distinc-
tion of the ions, but in some cases also provides some
structural insight. The 1CR2 spectrum of the C6H6
1z ion
derived from benzene (Figure 1e) is in itself not very
characteristic. Except for the signal due to C6H5
2, prob-
ably the phenyl anion [37, 38], all fragments observed
are hydrogen-depleted carbon oligomers, which have
significant electron affinities [39, 40]. In other words,
one may argue that irrespective of the structures of the
cationic precursors, only those anions for which the
electron affinities are sufficiently large enough to sur-
vive keV collisions are observed in major amounts.
However, the 1CR2 spectrum of the C6H6
1z ion derived
from 2,4-hexadiyne (Figure 1f) is remarkably different.
Specifically, the intense fragments due to C6H5
2, C5H3
2,
and C3H3
2 are precisely those anions which can arise by
simple bond cleavages of 2,4-hexadiyne. Accordingly,
we propose that the C6H5
2 fragment corresponds to
H3C–C'C–C'C–CH2
2 instead of phenyl anion, C5H3
2
is H3C–C'C–C'C
2, and C3H3
2 is either H3C–C'C
2
or—less likely—HC'C–CH2
2 [41, 42]. The pronounced
difference between Figure 1e and 1f suggests that at
least part of 2,4-hexadiyne forms long-lived, intact
molecular ions H3C–C'C–C'C–CH3
1z upon electron
ionization. This particular fraction is specifically probed
in the 1CR2 experiments, giving rise to structurally
indicative fragments of the diyne. Note that the absence
of recovery signals for C6H6
2z is expected because ben-
zene as well as hexadiyne has negative electron affini-
ties.
Only two other precursors for C6H6
1z isomers were
examined in this study, i.e., 1,5-hexadiyne and fulvene.
Although not identical to Figure 1a,b, the correspond-
ing CA spectra (not shown) do not display structurally
indicative features [5]. At the first sight, the 1NR1 spec-
trum of C6H6
1z generated from 1,5-hexadiyne (Figure 2a)
looks very different from those in Figure 1c,d. A closer
look, however, reveals that the apparent difference
from Figure 1c is entirely due to the intensity of the
recovery ion. Indeed, if the recovery ion is neglected, the
fragmentation pattern in Figure 2a is rather close to that
found for benzene (Figure 1c), and even tiny variations in
the abundances of the CnHm
1 fragment patterns match
nicely between Figures 1c and 2a. Accordingly, the only
difference which is obvious for benzene and 1,5-hexa-
diyne as precursors in the 1NR1 experiments is the
relative NR efficiency. This is in fact a matter of Franck–
Condon factors as well as the lifetime of the transient
neutrals and is likely to be subject to an internal energy
effect. For example, if 1,5-hexadiyne were ionized at
threshold (IE 5 9.93 eV [40]), the heat of formation (DH°f)
of the ion is 328 kcal/mol [40]. Isomerization to ionized
benzene (DH°f 5 233 kcal/mol [40]) would then liberate 95
kcal/mol as internal energy, an amount of energy which is
certainly sufficient to significantly reduce the neutrals’
lifetime in the 1NR1 experiment. The hypothesis that
ionization of 1,5-hexadiyne yields “hot” benzene molecu-
lar ion instead of intact HC'C–CH2–CH2–C'CH
1z finds
further support by the fact that the 1CR2 spectrum
obtained for ionized 1,5-hexadiyne (not shown) is iden-
tical to that obtained for benzene (Figure 1e) within
experimental error. For the intact molecular ion of
1,5-hexadiyne we would instead expect abundant sig-
nals due to simple bond cleavages to yield C6H5
2
(i.e., HC'C–CH2–CH2–C'C
2) as well as C3H3
2 (i.e.,
HC'C–CH2
2), which are not observed experimentally.
Ionized fulvene has been differentiated from benzene
molecular ions by means of its characteristic ion/
molecule reactions [5, 43]. Nevertheless, the CA, 1NR1
(Figure 2b), and 1CR2 spectra (others not shown) of the
ion derived from fulvene are similar to those obtained
with benzene as precursor and not structurally diagnos-
tic. Consequently, none of the methods used here is
sensitive enough to distinguish these ions.
As outlined in the introduction, our particular inter-
est concerns the existence of C6H5
1 isomers, including
singlet and triplet states of phenylium ion [37, 44, 45].
Therefore, we examined C6H5
1 cations formed from
different precursors. Instead of benzene for which the
product of dissociative ionization to C6H5
1 is question-
able [1, 37], we have chosen iodobenzene as precursor
for phenylium ion as a reference [13, 18, 19]. As with
C6H6
1z, the CA and 1NR1 spectra (not shown) of C6H5
1
ions obtained from the various precursors differ from
each other, but are not structurally diagnostic. We note
in passing that the 1NR1 efficiencies for C6H5
1 are small
as compared to other organic ions of this size. This may
be attributed to the poor Franck–Condon overlap be-
tween phenylium cation and its neutral counterpart [37,
44] or to comparatively large endothermicity of the
neutralization of C6H5
1.
Although not that obvious as for the C6H6
1z cations,
the 1CR2 spectra of C6H5
1 cations generated from
iodobenzene (Figure 3a) and 2,4-hexadiyne (Figure 3b)
exhibit structurally indicative differences. Thus, the
1CR2 spectrum of phenylium ion (Figure 3a) is domi-
nated by hydrogen-depleted carbon anions. The only
Figure 2. (a) 1NR1 mass spectrum of B(1)/E(1) mass selected
C6H6
1z generated from 1,5-hexadiyne, (b) 1NR1 mass spectrum of
B(1)/E(1) mass selected C6H6
1z generated from fulvene.
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exceptions are the C6H3
2 fragment and the recovery
signal due to C6H5
2. The poor yield of the recovery
signal in the 1CR2 experiment can be attributed to the
unfavorable Franck–Condon overlaps between the cat-
ion and anion structures of phenyl [37]. Whereas the
1CR2 spectrum of C6H5
1 derived from 2,4-hexadiyne
(Figure 3b) is similar, it displays a few characteristic
differences compared to Figure 3a. In particular, the
recovery ion is about ten times more intense and also
some C6Hn
2 ions (n 5 2, 4 [46]) are observed. Further,
the C5Hm
2 fragments—and C5H3
2 in particular—are about
three times more abundant as compared to Figure 3a.
Finally, C3H2
2 is seen as a separated peak in Figure 3b,
whereas it is only a shoulder of the C3H
2 signal in Figure
3a. These fragments are indicative for the formation of
2,4-hexadiynyl cation, i.e., CH3–C'C–C'C–CH2
1, upon
dissociative ionization of 2,4-hexadiyne. Instead, the
1CR2 spectrum of C6H5
1 generated from 1,5-hexadiyne
is again identical to Figure 3a within experimental
error, whereas the CA and NR spectra show some
significant, but not structurally indicative differences
(all spectra not shown). This result is in accord with the
above suggestion that ionization of the non-conjugated
1,5-diyne leads to a collapse to the aromatic structure,
whereas the 2,4-hexadiyne structure in part remains
intact upon dissociative ionization of the diyne. The
C6H5
1 cation generated from fulvene was too weak to
deliver meaningful 1CR2 spectra.
Finally, we shall add a severe note of caution to-
wards the quantitative interpretation of the 1CR2 spec-
tra. For example, comparing the differences between
Figure 1e,f with those between Figure 3a,b we can
qualitatively conclude that the contribution of acyclic
ions to C6H6
1z in Figure 1f is by about an order of
magnitude larger than for the C6H5
1 ions in Figure 3b.
The absolute ratio of the aromatic and acyclic ions is
undetermined, however. For example, the propensity of
benzene molecular ions to form the H-depleted CnHm
2
fragments as observed in Figure 1e is clearly much
lower than the 1CR2 efficiency for ionized 2,4-
hexadiyne. The latter requires simple bond cleavages to
allow for the characteristic fragments, whereas the
former mandates severe rearrangements and excessive
dissociation prior to the formation of the anionic frag-
ments observed. Moreover, the Franck–Condon factors
for neutralization of the cations and (dissociative) reion-
ization to anions may differ by orders of magnitude for
the cyclic and acyclic ions. Accordingly, a straightfor-
ward deconvolution of the 1CR2 spectrum is pre-
vented, because the aromatic ions do not display any
signals which are absent for the acyclic isomers and the
ratios of the common fragments are similar. That is to
say that the difference between Figure 1e and 1f may
well occur, if the contribution of ionized 2,4-hexadiyne
were only a small percentage of the ion beam, simply
because the 1CR2 efficiency is expected to be much
larger for the diyne than for the arene structure. In
particular, the low intensity of the characteristic frag-
ments in Figure 3b implies that the acyclic isomer is
only a minor contribution to the ion beam. This objec-
tion somewhat limits quantification [26, 27], but the
main purpose was to prove that acyclic isomers of
C6H5
1 and C6H6
1 can be formed at all by electron
ionization. In this respect 1CR2 experiments provide an
unambiguous confirmation of this hypothesis [13].
Conclusions
Charge reversal of cations (1CR2) adds to the arsenal
methods to exploit the structures of the prototype
hydrocarbon cations C6H5
1 and C6H6
1z. A severe draw-
back is, however, the poor efficiency of 1CR2 for
organic cations (often less than 1026), which requires
reasonably abundant precursor ions in order to obtain
meaningful spectra.
The particular value of 1CR2 is that it can provide
direct information as far as ion structures are con-
cerned. Thereby, 1CR2 is a complementary tool for
other methods used to distinguish hydrocarbon cations
[30]. At least for the differences reported here for the
C6H5
1 and C6H6
1z ions derived from phenyl iodide,
benzene, and 2,4-hexadiyne, respectively, we can con-
firm the statement on the button that Bob Squires wore
at the NATO ASI in France mentioned above.
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